Rapid and sensitive detection of foodborne pathogens can effectively prevent or reduce the outbreaks of foodborne diseases. In this study, an antimicrobial peptide (AMP)-based colorimetric bioassay was developed for rapid and sensitive detection of Escherichia coli O157:H7. AMP was conjugated with horseradish peroxidase (AMP-HRP) to develop a signal reporter instead of antibody-HRP with a higher sensitivity. AMP-HRP could anchor on the surface of target bacteria rapidly through electrostatic and hydrophobic interactions. After unbound probes were removed by filtration, HRP catalyzed 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) to colored product, which was measured using UV-vis spectroscopy to quantify E. coli O157:H7. Due to the abundant AMP-binding sites on the surface of target bacteria, the proposed bioassay could detect E. coli O157:H7 as low as 13 cfu mL À1 in a pure culture with a linear range of 10 2 -10 5 cfu mL À1 in 45 min without pre-enrichment. Combined with an immunomagnetic capture-release procedure, sensitive and selective detection of E. coli O157:H7 in food samples was achieved.
Introduction
Foodborne diseases are one of the most threatening public health problems worldwide.
1 There are 9.4 million cases of foodborne illness every year in the United States caused by foodborne pathogens.
2 Escherichia coli (E. coli) O157:H7 is one of the most notorious foodborne pathogens that can cause severe illness such as hemorrhagic diarrhea, vomiting or acute kidney failure. 3, 4 It was estimated that the infectious dose of E. coli O157:H7 may be as low as 10 to 100 cells and the infections could be lethal without proper medical treatment. 5 Therefore, E. coli O157:H7 was classied as a "zero tolerance" adulterant and there is an urgent need to develop rapid and sensitive methods for the detection of E. coli O157:H7 in food safety inspection and environmental monitoring. 6 The conventional culture-based methods are the golden standard methods for the detection of E. coli O157:H7. However, these methods are labor-intensive and time-consuming, which cannot satisfy the requirement of rapid detection. 7 Currently, some rapid detection methods have been developed, including PCR-based nucleic acid amplica-tion tests and enzyme-linked immunosorbent assay. 8, 9 PCRbased techniques are highly sensitive and can even achieve single-cell detection, yet require the extraction of nucleic acids and are limited in portability. 10, 11 The immunoassays based on antigen-antibody reaction are simple and sensitive methods for the high-throughput detection of bacteria with high specicity. 12 However, the specic antibody-antigen interactions limit the recognition sites leading to the insensitivity for measurement of bacteria at low concentrations. 13, 14 AMPs are found in multiple niches in nature, providing the rst line of defense against infection by acting as natural antibiotics. 15 Most of antimicrobial peptides contain 12-50 amino acid residues, including two or more positively charged residues and a large proportion of hydrophobic residues. They can attach on the surface of bacteria mainly through electrostatic and hydrophobic interactions. [16] [17] [18] Compared with antibodies, AMPs have advantages of stableness in harsh environment, low-cost synthesis, and easy modication.
19-21 Therefore, AMPs can be used as an alternative to antibodies as the recognition elements in the detection of foodborne pathogens. Recently, several electrochemical biosensors for the detection of foodborne pathogens were developed by utilizing immobilized AMPs as capture probes. 13, 19, 21, 22 These methods are simple and practicable, but with low sensitivity due to the lack of the processes of signal amplication. Previous studies revealed that hydrophobic residues of AMPs can attach on to the amphiphilic negatively charged lipopolysaccharide (LPS) in the bacterial membrane. 23 Moreover, each E. coli cell contains approximately 3.5 Â 10 6 LPS molecules occupying three-quarters of the bacterial surface. 24 Therefore, in conjunction with proper signal reporters, AMPs can be adopted as effective signal ampliers.
Arcidiacono's group developed an immunomagnetic assay for detection of E. coli O157:H7 based on Cy5-labeled AMPs, revealing a 10-fold higher sensitivity compared with Cy5-antibody. 25 However, magnetic beads inevitably reduced the binding efficiency between AMPs and cells due to the steric effects. In addition, the non-specic binding to the immunomagnetic beads resulted in high noise in background and relatively low sensitivity. Therefore, reducing or eliminating nonspecic absorption and steric effects are important to improve the sensitivity of AMPs-based detection methods.
Filtration has been proven to be effective for the rapid isolation and concentration of foodborne pathogens.
26,27
Herein, combined with ltration, we developed an AMP-based colorimetric bioassay utilizing AMP-HRP as the whole cell surface binding probes for rapid and sensitive detection of E. coli O157:H7. Magainin I, an AMP with 23 amino acid residues, exhibiting high affinity toward E. coli O157:H7, 13 was selected as the recognition element. As shown in Scheme 1, AMP-HRP conjugates were fabricated via streptavidin and biotin interaction. AMP-HRP probes can bind on the surface of bacteria rapidly with high density through the interaction between AMP and amphiphilic negatively charged LPS. 25 Aer that, the lter tubes were used to remove unbound probes to reduce nonspecic binding and steric effects that exist extensively in immunomagnetic assays. Subsequently, the concentration of E. coli O157:H7 could be visualized and quantied by UV-vis absorption measurement aer the colorimetric reaction catalyzed by AMP-HRP on the surface of target bacteria. Finally, sensitive and selective detection of E. coli O157:H7 in food samples was achieved using the proposed bioassay in combination with an immunomagnetic capture-release procedure.
Experimental section

Materials and apparatus
Antimicrobial peptide Magainin I (GIGKFLHSAGKGKAFVGEIMK), with a C-terminal labeled biotin, was chemically synthesized by GL Biochem Ltd. (Shanghai, China) with a purity >85%. The stock solution of AMP was prepared by the reconstitution of the lyophilized powders in phosphate buffered saline (PBS) (Sigma- . BcMag™ monomeric avidin magnetic beads were purchased from Bioclone Inc., (San Diego, CA, USA). All aqueous solutions were prepared using freshly deionized water (18.2 MU cm specic resistivity) obtained with a Milli-Q water purication system (Millipore, Billerica, MA, USA) and sterilized by laboratory autoclave (Sanyo, Japan). The UV-vis absorption spectra were monitored using a UV-vis spectrophotometer (8453, Agilent Technologies, Santa Clara, USA) and a Synergy H1 Hybrid Multi-Mode Microplate reader (BioTek, Vinooski, VT, USA). All centrifugations were carried on a 22R Refrigerated Microcentrifuger (Bechman Coulter, Fyllerton, CA, USA).
Preparation and culture of bacteria
E. coli O157:H7, as well as other bacteria used as non-target cells, was prepared by growing the stock cultures in brain heart infusion (BHI) broth (BD, San Diego, CA, USA) at 37 C for
16-20 h. Aer washed three times by centrifuging at 8000 rpm for 5 min, the bacteria solutions were 10-fold diluted with sterile PBS to obtain the samples with different concentrations ranging from 10 to 10 7 cfu mL À1 . To determine the cell numbers of E.
coli O157:H7, S. aureus, L. monocytogenes, S. Typhimurium, V. parahaemolyticus, E. coli DH5a and E. coli BL21, 100 mL of proper dilutions were plated onto the surface of corresponding agars, i.e., Sorbitol MacConkey agar (SMAC), Baird Parker agar, PAL-CAM agar, xylose-lysine-tergitol 4 (XLT4) agar, CTBS agar and LB nutrient agar, respectively. Aer incubation at 37 C for 24 h (for bacteria except L. monocytogenes) or 48 h (for L. monocytogenes), colonies on the plates were counted to determine the number of viable cells in terms of colony forming units per milliliter (cfu mL À1 ). Finally, the obtained bacteria were killed in boiling water for 15 min and stored at 4 C for further use.
Preparation of AMP-HRP probes
AMP-HRP conjugates were fabricated via streptavidin and biotin interaction. In a typical procedure, biotinylated AMPs (5 mmol L À1 ) were mixed with HRP-conjugated streptavidin (50 mg mL À1 ) and then the mixture was placed in a programmable rotating-mixer (Grant-bio, Grant Instruments (Cambridge) Ltd., UK) at 15 rpm for 30 min at room temperature (RT). The molar ratio of AMPs and HRP is 10 : 1 in order to guarantee every HRP molecule was conjugated with AMPs. Aer that, the mixture was transferred to Amicon® Ultra lter device (10 kDa MWCO, 0.5 mL) and centrifuged at 10 000 rpm for 10 min. To make sure unbound AMPs removed completely, the mixture was washed thrice by 0.5 mL of PBS and added PBS to make HRP with a nal concentration of 50 mg mL À1 . The conjugates were prepared on the test day and stored at 4 C for further use.
AMP-HRP binding assay
E. coli O157:H7 cells were grown and prepared in PBS as described above. One mL of serially diluted cells incubated with 10 mL of 50 mg mL À1 AMP-HRP probes in the low binding tubes (SARSTEDT AG & Co., Germany) on a programmable rotatingmixer at 15 rpm for 10 min at RT. The same amount of AMP-HRP probes was added to 1 mL of PBS as negative control. Aer incubation, the mixtures were centrifuged at 10 000 rpm for 5 min and washed three times by 1 mL of PBS. Subsequently, 100 mL of TMB was added into the tube for color reaction, followed by 100 mL of 2 mol L À1 H 2 SO 4 to stop the reaction 5 min later. Finally, the UV-vis absorption spectrum of each sample was measured by the microplate reader.
Detection of E. coli O157:H7
E. coli O157:H7 cells were cultured and prepared in PBS as described above. An aliquot of 800 mL of serially diluted E. coli O157:H7 were mixed with 0.36 mg mL À1 of AMP-HRP and incubated for 10 min in lter tubes at RT when the tubes outlets were sealed. The same amount of AMP-HRP probes was added to 800 mL of PBS as negative control. Aer the incubation, the outlets were open and the mixtures were ltered through the membrane under centrifugation at 4000 rpm for 1 min. To reduce the non-specic attachment, the membrane was washed thrice by owing 500 mL PBS through the membrane. Aer that, 100 mL of TMB was added into the tube for color reaction, followed by adding 100 mL of 2 mol L À1 H 2 SO 4 to stop the reaction 5 min later. Finally, the UV-vis absorption spectrum of each sample was measured by the microplate reader.
Preparation of immunomagnetic beads
The immunomagnetic beads (IMBs, magnetic beads conjugated with the antibodies) were prepared based on monomeric avidin-biotin interaction. Aer pretreatment according to the manufacturer's protocol, the monomeric avidin magnetic beads were immediately incubated with 500 mL of biotin-conjugated antibodies (0.5 mg mL À1 ) for 30 min. Aer removal of the unattached antibodies in the solution, the immunomagnetic beads were washed three times and re-suspended in 500 mL of PBS (1 mg mL À1 ) and stored at 4 C for further usage.
Capture and release of E. coli O157:H7
IMBs were used to specically capture E. coli O157:H7. Twenty mL of IMBs were rst incubated with 800 mL of E. coli O157:H7 with different concentrations at 15 rpm for 45 min in a 1.5 mL sterile centrifuge tube, which was blocked by 4% BSA for 30 min. Aer magnetic separation for 1 min and washing with 800 mL of H 2 O, E. coli O157:H7 cells captured by IMBs were released by 100 mL of elution buffer (1 mmol L À1 HCl) for 1 min.
Aer magnetic separation, the supernatant containing E. coli O157:H7 was neutralized by 700 mL of PBS (pH 7.4) and ready for the detection using AMP-based bioassay. Meanwhile, the negative control was conducted by substituting the sample containing E. coli O157:H7 with PBS of same volume.
Preparation of spiked food samples
The apples and ground beef were bought from a local supermarket. The apples were washed and squeezed by the juicer (Midea, WBL1021S), the supernatant was collected and owed through the lter paper to get rid of the impurities. Then the pH of the juice was adjusted to 7.4 by 1 mol L À1 NaOH solution. At the same time, 25 g of ground beef was mixed with 225 mL of PBS in lter bags (Labplas Inc., Quebec, Canada) and stomached with Stomacher 400 (Seward, Norfolk, UK) for 1 min. Then the washing solution was collected. Aer that, the apple juice and ground beef washing solution was spiked with E. coli O157:H7 at different concentration ranging from 10 to 10 6 cfu mL À1 , respectively. Ultimately, the spiked apple juice and beef samples were used for bacteria detection based on the same procedure as that of pure culture detection. Besides, the traditional plate-counting method for assaying the bacteria in samples served as the standard method.
Results and discussion
Binding capacity of AMP-HRP
It was reported that conjugated with small molecules (e.g. Cy5) had no effects on the interaction between AMPs and bacteria.
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However, whether the AMP can retain its binding capacity as conjugated with biomacromolecules is still unknown. Therefore, the affinity of AMP-HRP toward E. coli O157:H7 was investigated by a simple centrifugation-based method. E. coli O157:H7 cells were rstly incubated with AMP-HRP probes and then unbound probes were removed by centrifugation. The AMP-HRP probes bound on the surface of bacteria were precipitated along with bacteria and catalyzed the conversion of TMB into a blue color product, which could be visualized by naked eye or quantied with spectrometer. As shown in Fig. 1 , as the concentration of bacteria increased from 10 5 to 10 8 cfu mL À1 , the optical density at 450 nm (OD 450 ) increased gradually and presented a proportional relationship with the concentrations of bacteria. These results indicated that AMP retains the binding ability against bacteria even though conjugated with HRP. However, in the presence of bacteria at low concentrations (10-10 5 cfu mL À1 ), the optical densities at 450 nm were as low as that of negative control and the absorption spectra almost overlapped with the curve of the control. This is possibly attributed to the great loss of bacteria-AMP-HRP complexes during centrifugation and washing steps, which demonstrates that the direct centrifugation-based method is not sensitive enough for the detection of bacteria.
Optimization of detection conditions
To obtain the best assay performance, two parameters including the concentration of AMP-HRP probes and incubation time between AMP-HRP and bacteria were optimized. As shown in Fig. 2A , OD 450 of sample in the presence of E. coli O157:H7 (10 5 cfu mL
À1
, red line) increased rapidly as the concentration of AMP-HRP increased from 0.22 to 0.36 mg mL
, which indicated that AMP-HRP continuously bind on the surface of target bacteria. Aer that, the signal slowly reached a platform due to the saturation of probes on the surface of the target bacteria. At the meantime, the background (OD 450 of negative control, blue line) increased gradually as the concentration of AMP-HRP increased. The change in the optical signal (OD 450 of sample subtracted that of control, DOD 450 , gray bar) was employed as the signal output of the AMP-based bioassay and the maximum value of DOD 450 was obtained as the concentration of AMP-HRP was 0.36 mg mL
. Therefore, 0.36 mg mL À1 of AMP-HRP was adopted in the following experiments. Furthermore, the effect of incubation time ranging from 5 to 25 min on DOD 450 was also investigated. As shown in Fig. 2B , a rapid increase of DOD 450 was observed in the initial 10 min, indicating that AMP-HRP quickly bind on the surface of bacteria. No signicant increase was observed when the incubation was more than 10 min, suggesting that the binding reached saturation. This result agrees with some previous reports. 28, 29 Thus, 10 min was used as the optimal reaction time in the subsequent experiment. In addition, DOD 450 of E. coli O157:H7 at the concentration of 10 5 cfu mL À1 was about 0.2 in this assay, which is 13-fold higher than that using the direct centrifugation method (DOD 450 ¼ 0.015, Fig. 1) . Therefore, the ltration-based method provides an effective method for rapid isolation and concentration of foodborne pathogens.
Detection of E. coli O157:H7
Under the optimized conditions, the AMP-based bioassay was validated rst in the presence of different concentrations of E. coli O157:H7 ranging from 10 to 10 5 cfu mL À1 in the pure culture.
The responses were evaluated in terms of DOD 450 , which is the difference in OD 450 value between the sample with the presence of target bacteria and the negative control. As shown in the inset of Fig. 3A , the color of the solution changed gradually from light blue to dark blue when the concentration of E. coli O157:H7 increased from 10 to 10 5 cfu mL
À1
. Accordingly, the value of DOD 450 increased linearly as the concentration of E. coli O157:H7 grew exponentially, and the corresponding regression equation was calculated as y ¼ 0.052x À 0.048 (R 2 ¼ 0.974), where x is the concentration of bacteria in log cfu mL À1 and y is the value of DOD 450 . The limit of detection (LOD), dened as the average blank value plus 3 times the value of standard deviation of the blank value, converted to the concentration of E. coli O157:H7 (ref. 30 ) for the proposed AMP-based bioassay was calculated to be 13 cfu mL
. Besides, different concentrations of bacteria were also detected by antibody-HRP based assay (details in ESI †). Apparently, the sensitivity of AMP-based bioassay was much better than that of antibody based assay (Fig. 3A, blue line) . These results can be attributed to the fact that there are much more binding sites for AMP on the surface of bacteria than that for antibody. 25 Thus, AMP-based bioassay can be employed for highly sensitive detection of E. coli O157:H7.
Selectivity of the AMP-based bioassay
To evaluate the specicity of the proposed bioassay, the responses of other bacteria, including S. Typhimurium, L. monocytogenes, S. aureus, V. parahaemolyticus and nonpathogenic E. coli DH5a and BL21 at a higher concentration (10 6 cfu mL À1 ) were investigated. As shown in Fig. 3B , the AMP-based assay showed only slight responses toward three species (L. monocytogenes, S. aureus, and V. parahaemolyticus). The responses of three Gram-negative species (S. Typhimurium, E. coli DH5a and BL21) were much higher than these of other three species, but the response of E. coli O157:H7 was the highest. These results are consistent with the previous research that magainin I exhibits selective activity toward some Gram-negative bacteria, especially E. coli O157:H7.
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For the Gram-negative species, the responses of E. coli DH5a and BL21 were much smaller compared with that of S. Typhimurium. It was reported that the activity of AMPs toward bacteria is associated with many factors, such as the magnitude and location of LPS charge, outer membrane molecular architecture, and the presence or absence of the O-antigen side chain. 31 The difference in components and structure of the outer membrane of these Gram-negative species may lead to the different responses. The semi-selective binding property of AMPs implies the potential of the AMP-based assay in the detection of Gram-negative bacteria. However, the selectivity of the assay is needed to be improved when applied in the detection of a specic pathogen.
Improvement of the selectivity for E. coli O157:H7
Although the response of E. coli O157:H7 was highly sensitive, the responses of the other Gram-negative species cannot be ignored, especially S. Typhimurium. To improve the selectivity of the AMP-based bioassay toward E. coli O157:H7, a capturerelease procedure was introduced. The immunomagnetic beads-based capture-release procedure contains the selective capture of E. coli O157:H7 by immunomagnetic beads and the elution of the captured pathogens (Scheme 1 and S1 †). Steric effects and non-specic binding between immunomagnetic beads and AMP are avoided in the capture-release procedure. Owing to the high efficiencies of capture and elution steps (97.9% and 86.9%, ESI †), there were only slight inuences on the sensitivity of the subsequent AMP-based assay. With the introduction of the capture-release procedure, the responses of different concentrations of E. coli O157:H7 were studied. As shown in Fig. 4A , the value of DOD 450 exhibited a good linear relationship with E. coli O157:H7 in the concentration range from 10 to 10 5 cfu mL À1 , which can be described by the , which is better than many other assays. [32] [33] [34] Next, the selectivity of the AMP-based bioassay combined with the capture-release procedure was examined (Fig. 4B) . The responses of other bacteria at a 10-fold concentration were negligible comparing with that of E. coli O157:H7. The optical responses of non-target bacteria were slightly higher than that of the negative control, which might be caused by the nonspecic adsorption. In addition, the values of DOD 450 of the three Gram-negative species (S. Typhimurium, E. coli DH5a and BL21) were higher than these of the other three non-target bacteria, which can be attributed to the fact that the antibody used in the study reacts against many "O" and "K" serotypes of E. coli, and the selectivity can be further improved by choosing more specic antibodies. 35 According to above results, none of the responses of non-target bacteria passed that of LOD (118 cfu mL À1 ) and have little effect on the sensitivity. Therefore, combined with the capture-release procedure, the detection of E. coli O157:H7 with high sensitivity and selectivity was achieved using the AMP-based bioassay.
Applications to bacteria detection in food samples
To validate the use of the proposed bioassay in practical application, E. coli O157:H7 in two different types of food samples (apple juice and ground beef) was detected and the results are shown in Fig. 5 . The optical signal increased gradually and presented a proportional relationship with the concentration of E. coli O157:H7, and the linear regression equations for apple juice and ground beef samples are y ¼ 0.034x À 0.057 (R 2 ¼ 0.879) and y ¼ 0.031x À 0.051 (R 2 ¼ 0.938),
respectively. The LOD were 119 cfu mL À1 in apple juice and 451 cfu mL À1 in ground beef. The LOD in apple juice was comparable to that of the pure culture samples while that of in ground beef was slightly high. This result might be caused by the complex components (especially fat) in ground beef, 36 which interfered the binding of the antibody toward target bacteria, resulting in fewer target cells captured in immunomagnetic separation and consequently relative weaker optical signals in detection process. The results clearly indicated that the AMPbased bioassay could be employed to detect target bacteria in complex matrices.
Conclusions
In this study, the AMP-based assay was developed as a new approach for simple, rapid, and sensitive detection of E. coli O157:H7. AMP-HRP conjugates that can bind on the surface of bacteria rapidly with high density through the interaction with amphiphilic negatively charged LPS, were proved to be a more effective signal reporter than antibody. Combined with the capture-release procedure, the proposed bioassay could selectively detect E. coli O157:H7 as low as 118 cfu mL À1 in pure culture, as well as 119 and 451 cfu mL À1 in apple juice and ground beef in 45 min, respectively. Furthermore, this AMPbased bioassay might be easily extended for the detection of other foodborne pathogens by choosing proper AMPs, exhibiting great promise in monitoring food safety. 5 Detection of E. coli O157:H7 in spiked apple juice and ground beef using the proposed AMP-based bioassay.
